Abstract: Enhanced UV-B irradiation is one of the most important abiotic stresses that can influence various aspects of plant morphology, biochemistry and physiology. Silicon as a beneficial element can increase the plant's tolerance against different abiotic stresses, including UV-B stress. In this work, the effect of silicon supplementation on the sensitivity of young maize (Zea mays L.) seedlings exposed to short-term UV-B radiation was studied. The seedlings were grown with 0 or 5 mM silicon in cultivation medium and on the fifth day of cultivation, they were exposed for 15 and 30 min to UV-B (302 nm) radiation. No significant changes in growth and content of assimilation pigments and the chlorophyll a/b ratio were observed in any of tested irradiation periods in control or Si-treated plants. Under UV-B stress, the content of ROS (hydrogen peroxide and superoxide radical) and TBARS increased in control plants. The oxidative status of Si-treated plants was only slightly affected even after 30 min. Phenolic metabolites (total phenols and flavonoids), important for their screening function under radiation stress, slightly increased after UV-B exposure in control plants, however, only flavonoids increased after 30 min in Si-treated plants. The measured parameters indicated that to some extent silicon supplementation contributes to higher UV-B tolerance of maize seedlings.
Introduction
The evolution of plant life was made possible by the development of an ozone layer in the earth's stratosphere, which absorbs all of the solar UV-C (< 280 nm) and part of the UV-B (280-320 nm) radiation (Rozema 1997) . As a result of stratospheric ozone layer depletion, mainly due to the anthropogenic use of potent ozone destroying compounds, solar UV-B radiation reaching the earth's surface is increasing. Although UV-B is only a minor component of solar radiation, due to its high energy, even small increases could lead to significant biological damage (Mackerness 2000) . UV-B stress is one of the most important abiotic stresses that could influence almost every aspect of biochemistry and physiology of plants and reduce plant fitness and function (Yao et al. 2011) . Its high photobiological effects on plants result from its absorption by important biological molecules such as proteins, nucleic acids, amino acids and lipids (Hollósy 2002; Kakani et al. 2003) .
Photosynthesis is one of the most studied processes in experiments with UV-B stress. It seems that the photosynthetic apparatus is one of the main action sites of UV-B damage. Enhanced UV-B radiation caused a decrease in Rubisco activity, inhibition of PSII activity and reduced dry weight and chlorophyll content in sensitive plants. UV-B also affected the stomatal conductance, CO 2 fixation and the integrity of thylakoid membranes (Hollósy 2002; Lidon et al. 2012; Zlatev et al. 2012) .
Reactive oxygen species (ROS) are traditionally considered to be the unavoidable byproducts of aerobic metabolism in different cellular compartments. Under optimal physiological conditions, these molecules are scavenged by enzymatic and non-enzymatic antioxidants. However, this equilibrium between the production and scavenging of ROS may be perturbed during abiotic stresses (including UV-B stress) and as a result, elevated levels of ROS are produced (Apell & Hirt 2004) . Both high and low levels of UV-B radiation can change the accumulation of antioxidants and affect expression of genes involved in their metabolism. It is assumed, that while low UV-B induced changes in antioxidant metabolism are not linked to control of gene expression, ROS-mediated signalling is restricted to high UV-B conditions (Hideg et al. 2012) .
One of the adaptive mechanisms to enhanced UV-B radiation is increased production of secondary metabolites in leaf tissues. The epidermal layer is known to accumulate most of the secondary metabolites, such as phenolics and flavonoids, that absorb/screen UV-B radiation and shield the underlying tissues against c 2014 Institute of Botany, Slovak Academy of Sciences harmful radiation (Kakani et al. 2003 and references therein) . Besides the screening function of phenolic metabolites, these low molecular compounds also serve as antioxidants in responses to stress impacts (Dixon & Paiva 1995) .
Silicon is the second most abundant element in the earth's crust. In soil, most silicon is present in the form of insoluble oxides or silicates. For plants, it is available only in the form of silicic acid. The content of silicon in plants varies significantly not just among species, but also across different agricultural cultivars within species (Cooke & Leishman 2011) . The role of silicon in plants is minimal under optimal conditions; therefore it cannot be listed among primary essential nutrients. Silicon plays numerous different roles in plants, primarily when the plants are under stress conditions, and its roles may be rather compared with those of the organic secondary metabolites (Epstein 2009) . Several studies have shown that silicon is effective in enhancing the resistance to diseases and pests as well as to abiotic stresses, such as water stress, heat stress, deficiency or excess of nutrients, heavy metal toxicity, salinity or radiation damage [for reviews, see Ma (2004) and Liang et al. (2007) ].
Silicon has many positive effects on plants under UV-B stress. Silicon application helped to increase total biomass and chlorophyll content, reduced membrane damage and the rate of superoxide radical production in wheat seedlings (Triticum aestivum L.) subjected to UV-B stress (Yao et al. 2011) . In soybean seedlings (Glycine max L.), increased leaf area and changes in the activity of antioxidative enzymes after silicon supplementation were observed (Shen et al. 2010a, b) . A recent study by Shen et al. (2014) has shown that the application of silicon alleviated the adverse effect of UV-B on growth and development by increasing the stem length, net photosynthetic rate and leaf chlorophyll content in soybean; however, these changes were cultivar dependent. According to Wu et al. (2009) , silicon nutrition induced the accumulation of phenolic compounds, which helped to reduce the negative effect of UV-B radiation on rice (Oryza sativa L.). Not only phenolic substances, especially flavonoids, but also a plant silicon double layer may be able to protect grass plants from UV-stress. The deposition of silica in a layer in or near the epidermis of the leaves can decrease the transmission of UV-radiation, so lower intensity of radiation can penetrate the sclerenchyma and the mesophyll (Schaller et al. 2013) . Despite the number of publications about the role of silicon under stress conditions, the mechanisms of the silicon-mediated alleviation of damage caused by UV-B stress still remain unclear.
The aim of this study was to investigate the effect of silicon supplementation on the content of assimilation pigments, oxidative status and changes in phenolic metabolism of young maize seedlings (Zea mays L.) subjected to short-term UV-B stress. Maize is an important agricultural crop and it is known as a silicon accumulator (Liang et al. 2006 ), therefore it is suitable for studies focused on the beneficial effect of silicon under stress conditions.
Material and methods

Cultivation of plants and experimental design
Uniform seedlings of maize (Zea mays L., cv. Almansa) were cultivated hydroponically in dark plastic 3-L boxes (20 plants per box) with continual aeration of the solution. The experiment was performed in a growth chamber under controlled conditions: 12-h photoperiod (6.00 am to 6.00 pm), 28/20
• C day/night temperature, 60% relative humidity and a photon flux density of 210 µmol m −2 s −1 PAR at leaf level supplied by cool white fluorescent tubes TLD 36W/33 (Philips, France). Before germination, the seeds were sterilized for 10 min in 5% Savo and washed with water. Thereafter they were imbibed in distilled water for 5 h at 25
• C in a dark room and germinated in rolls of wet filter paper for 72 h under same conditions.
Seedling were transferred to a half concentrated Hoagland solution (Hoagland & Arnon 1950) with or without addition of 5 mM silicon in the form of sodium silicate solution (Sigma, 27% SiO2 dissolved in 14% NaOH). The pH of each solution was adjusted to 6.2 using HCl or KOH. The concentration of Si was chosen according to previous experiments.
After three days, the cultivation medium was changed to full strength Hoagland solution with or without Si. The plants were cultivated in the growth chamber for another 2 days.
On the fifth day of cultivation, uniform plants were selected for further experiments in both treatments (control -C and 5 mM silicon -Si). Plants were exposed to UV-B irradiation with an UV-B lamp with fixed wavelength of 302 nm (Multiple Ray Lamp, MRL-58, UVP, Cambridge, UK) at an irradiance of 10.27 W m −2 at plant height for 15 and 30 min. Lamp was installed 15 cm above the plants and the lamp's total power was measured by a high sensitivity thermal sensor (Ophir 3a-P). All parameters analysed in this experiment required fresh material, therefore the samples (whole shoots) were extracted immediately after the exposure. Controls for both variants without exposure to UV-B irradiation were analysed, as well. The short irradiation periods (15 and 30 min) were chosen due to the young age of maize seedlings.
Determination of growth parameters, assimilation pigments, chlorophyll a fluorescence and soluble proteins Fresh and dry masses of above-ground parts of maize seedlings (dried at 95
• C to constant weight) were estimated in order to determine the water content. The total chlorophyll content was estimated according to the equations proposed by Wellburn (1994) using a spectrophotometer Uvi Light XTD 2 (Secomam, ALES Cedex, France). Samples were prepared by extraction of fresh leaves in methanol at laboratory temperature and analysed at wavelengths 666 nm (chlorophyll a), 653 nm (chlorophyll b), 470 nm (total carotenoids), 435/415 (chlorophyll a phaeophytinization) and 750 nm to correct unspecific absorption. The content of assimilation pigments was expressed as mg g −1 fresh weight (FW).
Soluble proteins were estimated according to Bradford (1976) at 595 nm using 30 µL of supernatants (fresh mass was homogenized on ice bath in 50 mM potassium phosphate buffer, pH 7.0) and bovine serum albumin as standard and expressed as mg g −1 FW. Chlorophyll a fluorescence was measured using a FluorCam 800 MF (Photon Systems Instruments Ltd, Brno, Czech Republic). Whole plants were dark-adapted for 5 min prior to measurements. Results were expressed as Fv/Fm, Table 1 . Effect of silicon supplementation on UV-induced changes in fresh and dry weight (g), water content (%) and the content of pigments (mg g −1 FW), chlorophyll a phaeophytinization (A435/A415), chlorophyll a fluorescence and soluble protein content (mg g −1 FW) after 15 and 30 minutes of UV-B irradiation of the shoots of young maize seedlings. Data are means ± SD(s) (n = 5). Values within rows, followed by the same letter(s), are not significantly different according to Tukey's test (P < 0.05). 
Analyses of oxidative stress-related parameters
The content of hydrogen peroxide and superoxide radical was measured in supernatants used for quantification of total soluble proteins. The accumulation of hydrogen peroxide was estimated by monitoring the titanium-peroxide complex at 410 nm as described by Jana and Choudhuri (1981) . Superoxide radical was measured according to Elstner & Heupel (1976) by monitoring the formation of nitrite from hydroxylamine (530 nm). The amount of hydrogen peroxide and nitrite was calculated from standardized curve with known H2O2 and NaNO2 concentrations, respectively. Level of membrane lipid peroxidation was estimated as the amount of thiobarbituric acid reactive species (TBARS) determined by the thiobarbituric acid reaction at 532 nm (Esterbauer & Cheeseman 1990). All measurements were done using a spectrophotometer Uvi Light XTD 2 (Secomam, ALES Cedex, France).
Analyses of phenolic metabolism-related parameters
Total soluble phenols and flavonoids were estimated in homogenates prepared with 80% methanol from fresh material. Soluble phenols were quantified by the FolinCiocalteu method (Singleton & Rossi 1965 ) with gallic acid (Sigma-Aldrich) as standard at 750 nm and expressed as mg g −1 FW. Flavonoids were estimated using AlCl3 method (Kováčik et al. 2009 ) with quercetin (SigmaAldrich) as standard (420 nm) and expressed as mg g −1 FW.
Statistical analyses
All experiments were independently repeated twice under the same conditions and all data were evaluated using ANOVA followed by a Tukey's test (MINITAB Release 11, Minitab Inc., State Collage, Pennsylvania) at P < 0.05. Number of replications (n) in tables/figures denotes individual plants measured for each parameter. Error bars of graphs represent standard deviations. Columns and lines sharing the same letter(s) are not significantly different.
Results
Effect of UV-B irradiation and Si treatment on growth and photosynthesis-related parameters
On the fifth day of cultivation, no significant differences in growth and development between non-treated (control, C) and Si-treated (+Si) plants were observed. The fresh weight, dry weight and water content were not significantly different in any of the tested variants and irradiation periods (Table 1) . During the exposure to UV-B radiation, slight leaf rolling occurred in nontreated plants, whereas the leaves of Si-treated plants were not recognizably affected.
The content of assimilation pigments and the chlorophyll a/b ratio were not significantly affected by Si supplementation and did not change even after 30 min of UV-B exposure. The amount of carotenoids was significantly lower in +Si variants if compared with respective control variants, but was not affected by UV-B exposure. Chlorophyll a phaeophytinization coefficient (expressed as absorbance ratio at 435/415) significantly decreased in control plants exposed to UV-B for 30 min, but not in respective Si-treated variants. Chlorophyll a fluorescence increased especially after the longer irradiation period, but the application of silicon did not affect this parameter (Table 1) .
Changes in the accumulation of soluble proteins and reactive oxygen species
The content of total soluble proteins was significantly higher in all +Si variants (+43%, +39% and +30%, when compared to respective controls), but it was not affected by UV-B irradiation in any of tested treatments (Table 1) .
The accumulation of hydrogen peroxide increased with the length of UV-B exposure in control plants (+24% and +48% after 15 and 30 min of exposure, respectively); the content of superoxide radical and TBARS increased only after the longer irradiation period. In Si-treated plants, only the 30 min exposure caused a significant increase in H 2 O 2 content, however, the accumulation of H 2 O 2 was significantly lower in all +Si variants (−33%, −43% and −37% if compared with respective controls). The content of superoxide radical and TBARS were not affected by UV-B in Si-treated plants (Fig. 1) .
Quantitative responses of phenolic metabolites
The effect of Si supplementation on total soluble phenols was observed only after the 30 min exposure to UV-B, when the control plants showed higher content of phenols in comparison with respective +Si plants (Fig. 2) .
The content of "AlCl 3 -reactive flavonoids", mainly flavonols increased after both UV-B exposure periods in control plants (+23%, +31% after 15 and 30 min, respectively) and after the longer period also in +Si plants (+24%, Fig. 2 ).
Discussion
Although not listed among essential elements, silicon is widely recognized as a beneficial element for plants. Its ability to protect plants against the negative impact of environmental stresses, including UV-B stress, has been proved in many papers (reviewed by Ma 2004; Liang 2007) . In the presence of excess UV-B radiation, various aspects of plant morphology, biochemistry and physiology can be influenced (Yao et al. 2011) . In several species, atypical growth patterns, changes in leaf colour and form were reported under UV-B stress (Kakani et al. 2003) . In four different maize varieties exposed to UV-B radiation (up to 179 J m −2 ), rolling was observed all along the leaf blade (Cartwright et al. 2001 ). Due to the short irradiation period, no significant changes in the growth of maize seedlings were found. However, slight leaf rolling was observed in UV-B-treated plants cultivated without silicon also in our experimental conditions, getting more visible during the longer exposure period. However, in Si-treated plants, no recognizable changes in leaf morphology were present.
The photosynthetic apparatus seems to be one of the main action sites of UV-B damage, therefore photosynthesis is one of the most studied processes in UV-Brelated experiments. Photosynthetic responses to UV-B radiation depends on crop species, cultivars, experimental conditions, UV-B dosage, the ratio of photosynthetically active radiation (PAR) to UV-B, the acclimation state of plants as well as on the interaction with other environmental stresses (Kakani et al. 2003; Hideg et al. 2013) . A common response to UV-B radiation is a decreased level of photosynthetic pigments (chlorophylls and carotenoids), however, positive or indifferent effects were also reported (Zancan et al. 2006) . Generally, monocot species seem to be more tolerant to UV-B radiation and UV-B-caused decrease in the content of leaf chlorophyll (Kakani et al. 2003) . Silicon supplementation alleviated the decrease of chlorophyll content in wheat seedlings exposed to UV-B (Yao et al. 2011) . Similar results were reported Fig. 1 . Effect of silicon supplementation on UV-induced changes in the accumulation of reactive oxygen species -hydrogen peroxide (A; µmol g −1 FW) and superoxide radical (B; µg g −1 FW) and thiobarbituric acid reactive species (C; TBARS; nmol g −1 FW) after 15 and 30 minutes of UV-B irradiation of the shoots of young maize seedlings. Data are means ± SD(s) (n = 5). Values within rows, followed by the same letter(s), are not significantly different according to Tukey's test (P < 0.05).
in soybean seedlings separately or in combination under drought and UV-B stresses (Shen et al. 2010b ). Nonsignificant changes in the content of photosynthetic pigments, found in our experiment, indicate that prolonged exposure or higher irradiation is needed to cause a more pronounced decrease. A significant decrease in the chlorophyll a phaeophytinization (A435/A415) after a longer exposure period suggests that chlorophyll a destruction occurred in control plants, however, Si application successfully ameliorated this decrease. Numerous studies on UV-B exposure have demonstrated that in photophosphorylation processes, photosystem II (PSII) is the most sensitive component (Hollósy 2002; Lidon et al. 2012; Zlatev et al. 2012 ). However, under our experimental conditions, PSII efficiency (estimated as chlorophyll a fluorescence) increased in UV-B exposed plants independently of the silicon treatment. Similar results were observed in rice plants, where UV-B treated leaves exhibited greater efficiency in absorbing and utilizing energy of PSII. Higher F v /F m implies that UV-B treated leaves of rice plants were more tolerant to photoinhibition (Yu et al. 2013) .
UV irradiation can lead to destruction and inactivation of whole proteins and enzymes. On the other hand, UV-induced dysfunction of enzymes and the requirement of protective compounds are expected to involve de novo protein synthesis (Hollósy 2002) . A short-term UV-B stress used in our experiment did not change the content of soluble proteins in maize plants in any tested variants, however, Si-treated plants showed a higher soluble protein content. Similar findings were observed in Si-treated wheat seedlings exposed to UV-B (Yao et al. 2011) , where soluble protein content was positively correlated with leaf Si concentration. Nevertheless, we could not find any sufficient explanation for this phenomenon. No significant differences in soluble protein content were found in 10 days old maize plants (cv. Valentina), cultivated with or without Si for our recent experiments (Mihaličová, unpublished results). Proteins seem to have important functions in Si deposition, but the nature of silicon's association with cell-wall components including polysaccharides, lignins and proteins is not fully understood (Currie & Perry 2007) . Kauss et al. (2003) identified a strongly cationic proline-rich protein from systemically resistant cucumber plants that was able to polymerize orthosilicic acid to insoluble silica. This property resulted from the high positive charge density, rather than from the primary protein sequence. Constitutive accumulation of related proline-rich proteins may function in silica deposition during certain developmental stages (Kauss et al. 2003) .
Despite the adaptation of maize plants to high irradiance, the transfer from UV-B free to UV-B irradiated conditions leads to ROS production (Carletti et al. 2003) . Studies have shown that these ROS are not only responsible for UV-B induced damage but can also act as second messengers with distinct roles for different ROS. For example, the increase in PR-1 transcript and decrease in Lhcb transcript in response to UV-B exposure was shown to be mediated through pathways involving hydrogen peroxide derived from superoxide radical. In contrast, the up-regulation of PDF1.2 transcript was mediated through a pathway involving superoxide directly (Mackerness 2001) . Measurements of antioxidants and antioxidant genes show that the metabolism of ROS is altered under both low and high UV-B doses. Yet, there is no evidence that ROS control gene expression under low UV-B (Hideg et al. 2013 ). Elevated content of hydrogen peroxide we found in control variants exposed to UV-B as well as its significant decrease after Si application are in accordance with the results of similar experiment. A slight decrease of hydrogen peroxide content was observed in Si-treated soybean seedlings subjected to UV-B and drought stress, but Si did not manage to decrease H 2 O 2 content in the variant exposed to the combination of stresses (Shen et al. 2010b) . In the present work, the content of superoxide radical was not affected by UV-B in Si-treated plants, however, in wheat seedlings, extra Si supply significantly reduced the rate of superoxide radical production, being lower with the increasing Si dose (Yao et al. 2011) . Accumulation of TBARS, products of ROS-mediated oxidation of polyunsaturated membrane lipids imply the presence of ROS. Therefore the level of TBARS is often used as an indicator of oxidative damage. In our study, the content of TBARS was not affected by UV-B radiation in Si-treated seedlings, despite its significant increase in control plants. This finding suggests a protective role of silicon on membrane systems and it is consistent with the results in soybean (Shen et al. 2010a, b) and wheat (Yao et al. 2011) seedlings.
Flavonoids and other phenylpropanoids have long been thought to play a role in protecting against UV irradiation, because they accumulate primarily in the epidermis and strongly absorb light in the UV-B wavelengths (Dixon & Paiva 1995) . The accumulation of flavonoids and other UV-B absorbing phenolic compounds is the first line of the UV-B defence, limiting the penetration of UV-B within the tissue (Mackerness 2000; Hollósy 2002; Goto et al. 2003) . According to some studies (Agati & Tattini 2010; Fini et al. 2011 ) the functional role of the well-documented UV-B mediated accumulation of phenylpropanoids and flavonoids may be primarily to increase ROS scavenging activity. Goto et al. (2003) reported that under UV-B radiation, Si may be associated with phenolic biosynthesis. In soybean seedlings, the content of soluble phenols increased with UV-B radiation treatment and decreased with Si application (Shen et al. 2010b ). In our study, the content of flavonoids increased in Si-treated plants only after the longer exposure period, where it reached the same level as in control plants. In wheat seedlings exposed to UV-B, the content of flavonoids increased with the concentration of Si treatment (Yao et al. 2011 ). The UV-B screening effect of the silicon double layer (Schaller et al. 2013) , as well as the recently found reverse content of silicon and phenols in grasses (Schaller et al. 2012) point to the similar function phenols and silicon may have under UV-B stress. It is not yet clear, whether plants are able to actively form a Si double layer or it is only side effect of Si accumulation. The UV-B screening by the silicon layer should be an advantage with respect to the demand of energy for the biosynthesis of phenolic substances (Schaller et al. 2013) .
Based on results of this study, it can be concluded that silicon may be involved in metabolic or physiological processes in higher plants under UV-B stress. Silicon may have either ameliorative effects on some aspects of UV-B stress or delay the onset of its negative effects in young maize seedlings. Further studies are necessary to elucidate the mechanism of the protective effect of silicon under UV-B stress conditions.
